lines is considered essential in developing good hybrid cultivars (Diers et al., 1996; Qian et al., 2009) . Among the primary and secondary gene pools of Brassica species, the winter type of B. napus has been shown to be genetically distinct from spring types (Diers and Osborn, 1994) , and alleles from winter type introgressed into a spring type have been shown to have great potential for increasing seed yield in hybrid (Butruille et al., 1999; Quijada et al., 2004) and open-pollinated cultivars (Kebede et al., 2010; Rahman, 2011; Rahman and Kebede, 2012) . Quijada et al. (2006) identified quantitative trait locus (QTL) alleles of winter cultivars that increase seed yield in spring B. napus test hybrids. Qian et al. (2007 Qian et al. ( , 2009 suggested that some of the alleles in Chinese semi-winter type, likely introgressed from B. rapa L., might contribute to high levels of heterosis for seed yield in both spring and winter B. napus hybrids.
The A and C genomes of B. napus are genetically distinct from the A genome of B. rapa and B. juncea (L.) Czern, and the C genome of B. oleracea and B. carinata A. Braun (Thormann et al., 1994; Li et al., 2004; Abel et al., 2005) . Several studies have demonstrated the value of utilizing allelic diversity of the allied Brassica species for increased heterosis in B. napus (Qian et al., 2005; Li et al., 2006; Zou et al., 2010; Girke et al., 2011 Girke et al., , 2012 Jesske et al., 2013; Li et al., 2014) . For example, Zou et al. (2010) observed a high level of heterosis in test hybrids while using germplasm diversified with the A genome of B. rapa and the C genome of B. carinata. A number of researchers have also utilized genetic diversity of resynthesized B. napus (from B. rapa × B. oleracea interspecific cross) for the improvement of openpollinated or hybrid winter B. napus cultivars (Gehringer et al., 2007; Radoev et al., 2008; Girke et al., 2011 Girke et al., , 2012 Jesske et al., 2013) . Udall et al. (2006) detected two QTL, where the allele from a resynthesized B. napus increased seed yield of spring B. napus.
Thus, most of the studies conducted to date to evaluate different gene pools of Brassica for the improvement of spring or winter or semi-winter B. napus were focused on either the use of spring B. napus for spring type hybrid (Grant and Beversdorf, 1985; Brandle and McVetty, 1990; Engqvist and Becker, 1991; Diers et al., 1996; Cuthbert et al., 2009) , or the use of winter or semi-winter B. napus for spring type hybrid (Butruille et al., 1999; Udall et al., 2004; Quijada et al., 2004 Quijada et al., , 2006 Qian et al., 2007; Kramer et al., 2009) , or the use of winter or semi-winter B. napus for winter type hybrid (Lefort-Buson et al., 1987; Qian et al., 2009) , or the use of the allied species for winter or semiwinter (Gehringer et al., 2007; Radoev et al., 2008; Zou et al., 2010; Fu et al., 2012; Girke et al., 2012; Li et al., 2014) or spring Seyis et al., 2006) type of hybrid. However, so far, no study has been conducted to compare the value of different gene pools for increasing the level of heterosis and seed yield in spring B. napus hybrid canola. The purpose of this study was to compare three genetically distinct populations derived from spring × spring and winter × spring B. napus, and spring B. napus × B. oleracea crosses for the level of heterosis in spring B. napus hybrids.
MATERIALS AND METHODS

Population Development
Three inbred populations, developed from the following three crosses using B. napus (AACC genome, 2n = 38) Hi-Q as common parent, were used: Hi-Q × B. oleracea var. alboglabra, Hi-Q × A03-14NI, and Hi-Q × Aviso. Hi-Q is a conventional non-herbicide-tolerant cultivar, whereas A03-14NI is a Clearfield herbicide-tolerant line; both are spring type, doubled haploid B. napus and developed by the Canola Program of the University of Alberta. These two parents are expected to be genetically distinct based on their breeding history. Brassica oleracea var. alboglabra (L.H. Bailey) Musil (CC genome, 2n = 18) is a spring growth-habit line; the original seeds were obtained from Lantmännen SW Seed, Sweden, from where an inbred line was developed through self-pollination of single plants for six generations. Aviso is a winter B. napus canola; seeds were obtained from Danisco Seed, Holeby, Denmark. The inbred lines derived from Hi-Q × B. oleracea var. alboglabra were labeled as the "IN" (interspecific-derived), those from Hi-Q × A03-14NI were labeled as "SS"(spring × spring derived) and those from Hi-Q × Aviso (winter × spring derived) were labeled as the "WS" population.
Because of undesired seed-quality traits (40% erucic acid content in oil; >80 µmol glucosinolate g -1 seed) of the B. oleracea parent and poor fertility in early generations of the B. napus × B. oleracea interspecific hybrid progenies, selection in the segregating generations of this cross was performed for zeroerucic acid and low glucosinolate content, and for euploid B. napus plants (2n = 38). In the case of winter × spring cross, plants with spring-growth habit and earliness of flowering were selected to allow for evaluation under field conditions in Canada. Aside from this, no selection for other traits was performed during the development of these three populations. Single plants were self-pollinated for four to seven generations via bag isolation in a growth chamber or greenhouse, and in this way 65 inbred lines (F 5 or F 8 ) were developed from each cross; however, randomly selected 33 lines of IN (F 8 ), 25 of SS (F 5 ), and 21 of WS (F 5 ) population were used in this study. These 33 IN, 25 SS, and 21 WS lines were genotyped, respectively, with 32, 14, and 36 polymorphic simple sequence repeat (SSR) markers, which were selected from 191 markers through screening of the parents for polymorphism. These markers were collected from various sources: Agriculture and Agri-Food Canada (AAFC) through a material transfer agreement (currently available in http://aafc-aac.usask.ca/BrassicaMAST/), and the markers published by Lowe et al. (2004) , Piquemal et al. (2005) , Tamura et al. (2005) , Iniguez-Luy et al. (2008) , and Cheng et al. (2009) . Genotyping of the lines was done following the method described in Bennett et al. (2012) and Kebede et al. (2010) . Genotypic data showed that genetic diversity existed between and within all three populations ( Supplemental Fig.  S1 ); therefore, these 33 IN, 25 SS and 21 WS lines were used for production of test hybrids. Flow cytometric analysis of nuclear DNA content showed no significant difference between the IN lines and the B. napus parent Hi-Q (Rahman et al., 2015) . synthesis method as implemented in PROC MIXED statement of SAS with the option of METHOD = Type3. The linewithin-population effect was not included in the model because we wanted to focus on the analysis at the population level. Heterosis was calculated in two ways, first being expressed as the percentage of mid-parent value (MPH, %), The t test for significant differences between means and coefficient of correlation between two variables were calculated using EXCEL.
RESULTS
The ANOVA of seed yield and other agronomic (days to flower and plant height) and seed-quality traits (oil and protein) for the three types of populations (IN, WS, and SS) and two types of genetic materials (inbred and test hybrid) are presented in Table 1 . Significant variation among the populations was found for all agronomic and seed quality traits; however, no differential influence of environment (nonsignificant E [environment] × P [population] interaction) could be found on the populations for most of the traits. Significant differences existed among the two types of genetic materials for plant height, seed yield, and oil content; however, no differential influence of environment on these two types of genetic material (nonsignificant E × G [genetic type, inbred, or hybrid] interaction) was found for most of the traits. Highly significant (P < 0.001) interaction between population and genetic material types (P × G interaction) was found for all traits, suggesting that the test hybrids derived from different types of populations performed differently. The ANOVA revealed no significant E × P × G interaction; therefore, data of the three locations were pooled and used for estimation of MPH and HiQH.
The common parent Hi-Q yielded 4609 ± 36 kg ha -1 (Table 2 ). Seed yields of the inbred IN and SS populations were significantly lower than that of Hi-Q (P < 0.01); however, the WS population yielded similar to Hi-Q (P > 0.05). The average yield of test hybrids was significantly (P < 0.01) higher than the inbred and mid-parent values for all three populations. The highest seed yield was found in WS inbred population, whereas the lowest seed yield occurred in IN population (Table 2 ). However, in the case of the hybrids, the lowest yield was observed in the case of SS population and the highest yield was still found in WS population. The difference between the hybrids of WS and SS populations was significant (P < 0.01); however, hybrid seed yield of the IN and WS populations was not
Test Hybrid Production
Thirty-three F 8 lines of IN population, 25 F 5 lines of SS population, and 21 F 5 lines of WS population were used to produce test hybrids using Hi-Q as the common tester (female). All test hybrid seeds were produced manually through emasculation of Hi-Q, followed by cross-pollination with pollen from the IN, SS, and WS lines.
Field Plot Design
Test materials , where 1 g seed was used per experimental plot. Field plots were laid out in a nested split-plot design, where main plots were the three populations (IN, SS, and WS) and subplots were inbred lines and their respective test hybrid. Inbred lines were paired with their respective test hybrids, allowing for direct inbred-hybrid comparison. Randomization of the lines/ hybrids within blocks and order of subplots was done using PROC PLAN of SAS (SAS Institute, 2010) . Six plots of the parent Hi-Q were interspersed within each replication.
Agronomic and Seed Quality Traits
All inbred lines and their test hybrids were evaluated for the following agronomic and seed quality traits: Days to flower (d), plant height (cm), and seed yield (kg ha -1 ), and seed oil (%) and protein (%) contents. In addition, a subset of the inbred lines and their test hybrids from each population were evaluated for leaf length and width (cm), number of seeds per silique, and 1000-seed weight (g) at the South Campus site during both years. Days to flower was recorded as the number of days from seeding to when approximately 50% plants had at least one open flower. For leaf measurements, basal leaves of randomly selected 10 plants per plot were used. Likewise, 10 siliques from the middle to upperhalf of the main raceme from three plants were used to estimate the number of seeds per silique and 1000-seed weight.
Seed oil and protein contents were estimated using nearinfrared spectroscopy (NIRS, FOSS NIRSystems model 6500, Foss North America, Eden Prairie, MN) on a whole-seed basis at 8.5% moisture. For this, open-pollinated bulk seed samples harvested from field plots were used. The NIRS analysis was done in the Analytical Laboratory of the Canola Program of the University of Alberta.
Data Analysis
Analysis of variance was done using PROC MIXED statement of SAS (SAS Institute, 2010) for individual experiments in three environments (E), each having the nested split-plot design as described above, with three population types (P) (IN, SS, and WS) being main-plot effects and two types of genetic materials (G) (inbred and test hybrid) being subplot effects. We subsequently performed a combined ANOVA to examine genotype × environment interactions for all traits measured. Because unbalanced data occurred for each trait, denominator mean square and degrees of freedom were calculated using Satterwaite's significantly different, despite the fact that the IN inbred population yielded significantly lower than the WS population (P < 0.01). This inconsistency between the WS and IN populations for inbred vs. hybrid yield was at least partly attributable to greater magnitude of MPH displayed by the IN population as compared with the WS population. Average MPH in the case of IN population was almost twice greater as compared to WS and SS populations (28.7% vs. 15%) ( Table 2 ). Highest MPH in IN population was also found in all three environments (data not shown).
Among the three populations, the lowest HiQH was found for SS population (3.5%) and the highest in WS population (12.2%). The IN hybrid population exhibited twice greater magnitude of heterosis (6.6 ± 1.9%) as compared to the SS hybrid population (3.5 ± 1.7%). Variations for the level of MPH and HiQH were found in test hybrids of all three populations; the greatest variation for MPH and HiQH was found, respectively, in IN and WS hybrids and the lowest variation for both types of heterosis was found in SS hybrids. Some of the hybrids of IN and WS population yielded more than 25% of the spring canola parent Hi-Q.
A negative relationship between MPH and seed yield of the inbred lines was found in all three populations; however, though weak, a positive relation was found between HiQH and inbred yield in all three populations (Fig. 1) . Indeed, the relationship between inbred yield and HiQH also exactly reflects the relationship between inbred and hybrid seed yield (Supplemental Fig. S2 ).
Correlation between genetic distance of the inbred lines from Hi-Q and MPH (r = -0.161 to 0.034) or HiQH (r = -0.027 to -0.007) was weak in all three populations as well as in pooled data of the three populations (r = -0.224 for MPH and 0.028 for HiQH) ( Supplemental Fig. S3) ; however, some of the lines with intermediate genetic distance tended to display greater heterosis than the lines with low or high genetic distance from Hi-Q. This result, however, needs to be treated with caution as the estimation of genetic distance was based on only a limited number of polymorphic markers available in this study.
Among the three inbred populations, the IN population flowered earliest, whereas the WS population flowered latest; the same scenario was also observed in case of the three hybrid populations. The test hybrid populations, on average, flowered slightly earlier than the average flowering time of the two parents; however, none of the hybrids flowered earlier than the earliest parent. The positive HiQH in WS population was attributable to the fact that the WS inbred population flowered later than Hi-Q as opposed to the other two populations, which flowered earlier than Hi-Q.
For the plant traits, about 5 to 6% MPH was found for plant height in all three populations. For HiQH, the SS and WS populations exhibited about 4 to 5% heterosis; however, slightly negative HiQH (-3.0 ± 0.8%) was found The hybrid populations did not differ significantly from the mid-parent value for both oil and protein contents in all three cases. This was also evident from almost no MPH having been observed for these seed traits.
DISCUSSION
The experimental design of this study was such that spring B. napus Hi-Q was used as a common parent for the development of all three inbred populations (IN, WS, and SS), as well as common parent for the development of the three test-hybrid populations. This design allowed us to evaluate the relative importance of the different gene pools for MPH and hybrid yield (in this case HiQH). Based on this design, any difference observed between the three hybrid populations for heterosis or hybrid yield is expected to be because of allelic variation in the inbred lines originating from B. oleracea or spring B. napus or winter B. napus.
In this study, seed yield of the IN inbred population was significantly lower than that of the WS population; in the IN hybrid population. Hybrids of IN population were significantly shorter (P < 0.01) than the hybrids of SS and WS populations; however, no significant difference between the hybrids of SS and WS population was found. In the case of leaf size, about 5 to 8% MPH was found in all three populations. The IN inbred population had smallest leaf size and displayed almost no HiQH. On the other hand, the WS inbred population had the largest leaf size and also displayed the largest HiQH (>10%).
For the seed traits, no significant difference between test hybrid and inbred populations was found for 1000-seed weight; the difference between MPH and HiQH for this trait was also nonsignificant (Table 3) . Among the three populations, the SS inbred population had highest oil content but lowest protein content, whereas the IN population had lowest oil content and highest protein content-this well-known negative correlation between these two traits is also evident in these populations. Sum of oil and protein contents was highest in SS population. Table 2 . Agronomic traits (mean ± SE) of the parents and hybrids of Brassica napus populations derived from spring B. napus × B. oleracea (IN), spring B. napus canola × spring B. napus canola (SS) , and winter B. napus canola × spring B. napus canola (WS) crosses, and heterosis over mid-parent (MHP, %) and over Hi-Q (HiQH, %) for these traits. Population size: IN: n = 33 for days to flower, plant height and seed yield; n = 23 for leaf length and leaf width; n = 8 for number seeds/silique and 1000-seed weight. SS: n = 25 for days to flower, plant height and seed yield; n = 16 for leaf length and leaf width; n = 8 for number seeds/silique and 1000-seed weight. WS: n = 21 for days to flower, plant height and seed yield; n = 15 for leaf length and leaf width; n = 8 for number seeds/silique and 1000-seed weight. ‡ t test: Line vs. hybrid or MP vs. hybrid. however, the difference between hybrid seed yield of these two populations was not significant. This nonsignificant difference largely resulted from non-additive effect of the genes contributing to heterosis, as evident from significant difference in the level of MPH found among these two populations. The occurrence of lower levels of MPH in WS and SS populations as compared to the IN population might be due to the depletion of some of the alleles (e.g., recessive), which are capable of exhibiting non-additive effect (e.g., overdominance) for heterosis, from the highyielding inbred line cultivars (e.g., Hi-Q, Aviso, and A03-14NI) due to stringent selection over cycles of breeding for the alleles (e.g., dominant) which are favorable for high seed yield in line (homozygous) cultivars. However, this type of alleles (unfavorable for line cultivars but favorable for heterosis) can be found in IN population, that is, in B. oleracea, more frequently as compared to winter and spring B. napus canola; this is evident from greater MPH observed in IN hybrids as compared to WS and SS hybrids, and the negative correlation between inbred seed yield and MPH (Fig. 1) . This is also evident from a high level of polymorphisms observed in the IN cross (Supplemental Table S1 ). Of a total of 70 SSR markers assayed across three crosses, 46% (32/70), 51% (36/70), and 20% (14/70) of the markers were polymorphic in IN, WS, and SS crosses, respectively. Introduction of this type of allele in hybrid parent lines can increase the level of heterosis in hybrid cultivars. Riaz et al. (2001) evaluated 12 hybrids involving parents from different genetic diversity groups and reported highest MPH and high-parent heterosis for the hybrids that involved a parental line derived from a B. napus × B. oleracea cross that was developed by Quazi (1988) . Recently, Li et al. (2014) Radoev et al. (2008) found mainly dominance and overdominance effects of the genes contributing to heterosis. The low seed yield in the IN inbred population was apparently attributable to introduction of several unfavorable alleles from B. oleracea, and this is not very uncommon for the inbred lines derived from interspecific crosses. For example, Girke et al. (2012) found that resynthesized B. napus lines, on average, showed poor performance for seed yield; however, this type of materials can show good potential for high seed yield in hybrids. Among the three populations, the WS inbred population and its hybrid population yielded higher than the other two populations. This agrees with the results of Butruille et al. (1999) , Quijada et al. (2004) , Kebede et al. (2010) , and Rahman and Kebede (2012) , which indicated that the European winter canola could be used for broadening of genetic diversity in spring canola as well as for increasing seed yield of spring canola hybrids and open-pollinated line cultivars. The use of winter canola in breeding of spring hybrid cultivar can be advantageous as no stringent selection for zero erucic acid in oil and low glucosinolate content in seed meal (Kebede et al., 2010; Rahman, 2011; Rahman and Kebede, 2012 ) is needed as well as no difficulty to be encountered for the development of euploid (2n = 38) B. napus inbred lines from this type of crosses. This is in contrast to the use of allied species in breeding of hybrid-parents which encounter much difficulty for the development of a canola quality euploid line (Bennett et al., 2012;  for review see Rahman, 2013; Rahman et al., 2015) . Breeding in the past has always focused on selection for favorable (e.g., dominant) alleles for the development of winter and spring B. napus canola line cultivars and this might have eroded their contrasting (recessive) alleles from the breeding populations, which can potentially exhibit non-additive effect and contribute to heterosis. This might be the reason for the lack of strong positive correlation between inbred and hybrid yield; however, the observed positive correlation between inbred and hybrid yield in all three populations confirmed the importance of general combining ability of the parents for increasing seed yield in hybrid cultivars as suggested by Diers et al. (1996) and Qian et al. (2007 Qian et al. ( , 2009 . Among the three populations, strongest positive correlation was found in WS population, suggesting that general combining ability of the inbred lines can be improved by the use of European winter canola in the breeding of spring canola. A decrease in genetic diversity across cycles of breeding has also been reported in other crops, such as maize, where the use of exotic germplasm in hybrid breeding is well documented (for review see Goodman, 1999; Reif et al., 2010) . Days to flower in spring type B. napus is a quantitative trait controlled by genes with additive, dominance, and epistatic effects (Ringdahl et al., 1986; Long et al., 2007) ; this trait correlates well with days to maturity in both B. napus (Miller 2001) and B. juncea (Mahmood et al., 2007) . Involvement of genes with dominance effect relative to earliness of flowering is evident from average negative MPH in all three populations as well as negative HiQH in IN and SS populations. This type of gene effect is especially important for those areas of North America where earliness of flowering and maturity are an important breeding objective for the development of hybrid canola cultivars. Long et al. (2007) also found that 10% of the total genetic effect for flowering time was contributed by dominance genes in winter/semi-winter B. napus.
The hybrids of all three populations also displayed an increase in plant height and leaf size. This observation was similar to reports of vigorous growth of European spring × Canadian spring B. napus hybrids compared with their parents as noted by Cuthbert et al. (2009) . Heterosis for biomass has also been reported in European winter B. rapa (Ofori et al., 2012) , vegetable B. rapa (Dong et al., 2007) , as well as in hybrids of B. napus × B. rapa cross (Liu et al., 2002) . The slight negative heterosis for plant height observed in case of IN population indicated that B. oleracea might carry alleles for reducing plant height in hybrid cultivars. In the case of the seed traits, no apparent difference between hybrid and mid-parent values was found for seed oil and protein contents, which was primarily for the reason that these two traits were largely controlled by genes with additive effect (for review, see Rahman et al., 2013) .
One of the limitations of this study was the size of the field plots. Normally, at minimum, 5 m 2 plots are used for testing of spring canola inbred lines and test hybrids produced by use of a male-sterility system Udall et al., 2006) . The hypothesis laid out in this research necessitated production of test hybrids of all combinations through manual emasculation of the female, followed by hand pollination with pollen from the male lines. Manual production of seeds of a large number of test hybrids is a tedious and resource-demanding task and, therefore, only limited quantity of seeds of each test hybrid could be produced for field experimentation. Also, the main focus of our study was on population level and individual lines in a population served as a replication. Cuthbert et al. (2009) has demonstrated that valuable information can also be obtained from trialling of spring B. napus test hybrids in single-row 3-m long plots (0.5 g seed per plot).
CONCLUSIONS
In conclusion, of the three gene pools investigated in this study, the B. oleracea and the winter canola showed good potential for increasing seed yield in hybrid cultivars. Alleles exerting non-additive effect (e.g., overdominance) in the genetic control of heterosis were found in B. oleracea, whereas the alleles for increased general combining ability of the hybrid parent lines were found in winter canola to a greater extent than the other populations. The heterotic effect of the IN and WS alleles could possibly be even greater, should alternative tester lines, unrelated to Hi-Q, be used to generate the test hybrids. Thus, the continued improvement of spring B. napus hybrid cultivars will likely include the utilization of winter types and the allied species, including the C-genome of B. oleracea in breeding.
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